ABSTRACT The licensed-assisted access (LAA) technology has been proposed as a promising solution to increase the network capability by extending the frequency bands for long term evolution networks. The performance evaluation of the LAA systems has been extensively studied in recent years. However, most existing works did not consider the fact that Wi-Fi stations and LAA equipments are typically not synchronized in such a heterogeneous network. They are not aligned in time domain because of different time-slot durations, channel access back off, and contention window sizes. Therefore, in this paper, we investigate the throughput performance of the LAA and Wi-Fi coexisting networks with asynchronous channel access. To deal with the asynchronism, we first introduce the concept of the heterogeneous network superframe based on the fact that the timing relation between LAA and Wi-Fi systems will be restored to a fixed pattern after a busy slot. Thereafter, we model the LAA and Wi-Fi channel access behaviors in superframes as 2-D Markov chains, respectively. Based on the Markov chains and the structure of the superframe, we analyze the throughput performance by fully considering the asynchronism of the heterogeneous channel access. The accuracy of our theoretical analysis is validated by numerical results. Meanwhile, we have also investigated the effects of the number of LAA equipments, Wi-Fi stations, and the maximum contention window size upon the system throughput.
I. INTRODUCTION
With the explosive growth of mobile data service requirements, it is a formidable challenge to increase the capability of cellular networks to provide considerably higher data rate. In response to this challenge, on one hand, the spectrum efficiency should be further improved by applying massive MIMO and small cells with fairly high density. On the other hand, it is also necessary to exploit new frequency spectrum resources. Since the licensed spectrum is fairly limited and it is extremely costly to allocate new licensed spectrum bands, enabling cellular networks in unlicensed frequency spectrums, especially the 5.8 GHz bands, has been considered as a promising means for capacity enhancement. Therefore, when the technology of long term evolution (LTE) in unlicensed spectrum (LTE-U) was proposed [1] , it quickly got the support from many major telecom companies [2] , [3] . LicensedAssisted Access (LAA) has been proposed in [2] as a promising technology for LTE in unlicensed spectrum. LAA allows cellular networks to boost coverage and capacity by using the unlicensed 5 GHz band already populated by Wi-Fi devices, which has been currently accepted in 3GPP Releases [4] .
One of the most challenging issues for LAA is to ensure friendly and fair coexistence between LAA and WiFi networks on the same unlicensed spectrum. The ETSI EN 301.893 regulation has stipulated the use of listen-beforetalk (LBT) mechanisms to determine channel availability before transmission [5] . Ericsson further put forward that the original LBT mechanism in ETSI EN 301.893 may probably cause LAA equipments always block Wi-Fi devices. Therefore, Ericsson suggested that an additional deferment should be introduced and hence proposed a more friendly LBT procedure [6] , which is also adopted in the LBT procedure recommended by 3GPP TR 36.889 [4] . Other coexistence mechanisms have also been developed recently, such as adaptive LBT schemes [7] - [9] , employing the LTE almost blank subframes (ABS) [10] , [11] , and etc. Besides, a novel decoding scheme which is capable of decoding both LTE and Wi-Fi signals even if they are transmitted simultaneously was developed in [12] . Guan and Melodia [13] and Sagari et al. [14] proposed network coexistence technologies based on the concept of cognitive radio.
On the other aspect, the coexistence of LAA will definitely impact the performance of existing WiFi devices. Therefore, performance analysis of LAA and Wi-Fi coexistence networks with various channel access mechanisms have also been extensively investigated. In particular, the works in [9] and [15] - [21] studied the throughput of the coexistence network where the LBT mechanism is equipped at the LAA devices. In these works, Bianchi's model which is characterized by a Markov chain with two stochastic processes, i.e. the backoff stage and the backoff counter, has been widely applied [22] . In [15] , the behaviors of LAA BS and Wi-Fi AP were modeled as Markov chains respectively. In [16] and [17] , throughput of LBT with a fixed contention window and LBT with Binary Exponential Backoff (BEB) are theoretically analyzed based on the Markov chain models respectively. In [18] , two Bianchi's models were utilized to calculate the downlink throughput of the LAA and Wi-Fi coexistence systems with various LAA data rate stages. A fair frame-based LBT algorithm for LAA and Wi-Fi coexistence system was proposed in [9] where the total throughput was evaluated. Yin et al. proposed an adaptive channel access scheme for LAA small base stations (SBSs) in [19] and [20] and accordingly presented the performance analysis based on Markov chains. However, the mathematical framework in these works was not validated by simulations or experiments [9] , [15] - [20] . The coexistence performance of channel occupation ratio in a coexistence network with only one LAA BS was investigated in [21] . However, results showed that there were still considerable gaps between the theoretical analysis and simulation results.
There are also some recent works on performance analysis of LAA and Wi-Fi coexistence system using stochastic geometry. In [23] , the performance of LTE-U and WiFi coexistence networks was analyzed using a large scale model based on stochastic geometry. In [24] , the closed-form expression of the expected overall throughput of an LAA SBS was derived by utilizing stochastic geometry. In [25] , the coverage probability and spatial throughput of LTE-U and Wi-Fi coexistence networks were derived.
However, most existing works ignore the fact that Wi-Fi stations and LAA equipments are typically not synchronized. 1 They are not aligned in time domain because of the different time-slot durations, channel access backoff and contention window sizes. This makes theoretical analysis in such a heterogenous network much more complicated. An example is shown in Fig. 1 . In this figure, the channel remains idle in the (n w + 2) th Wi-Fi slot requires that not only there is no Wi-Fi station transmitting in this slot, but also both the n th l and (n l + 1) th LAA slots are idle. 2 Therefore, the probability that the (n w + 2) th Wi-Fi slot is idle equals to I w I 2 l where I w and I l denote the probabilities that there is no Wi-Fi station and no LAA equipment transmitting in the tagged slot, respectively. Similarly, the probability that the n th l LAA slot is in the idle state equals to I 3 w I l . However, to the best of our knowledge, few existing works have taken into consideration this point. Take [15] - [17] as examples, the probability of an idle slot is simply evaluated by I w I l .
In light of this, in this paper, we fully consider the asynchronism of the heterogeneous system and evaluate the performance of the LAA and Wi-Fi coexisting system in saturated condition. We first depict the channel access procedures of LAA equipments and Wi-Fi stations with two-dimensional Markov chains based on Bianchi's model. We analyze in depth the time relation between LAA and Wi-Fi network and find that the timing relation between LAA and Wi-Fi systems will be restored to a fixed pattern after each busy slot. Therefore, we accordingly introduce the concept of the heterogeneous network superframe which is a periodic structure and starts with a busy slot. Based on the Markov chains and the structure of superframes, we analyze the throughput performances of both LAA equipments and Wi-Fi stations. Our theoretical results are corroborated by extensive numerical simulations.
The main contribution of this paper can be summarised as follows.
• We point out the fact that the channel access of LAA and Wi-Fi are asynchronous in the heterogeneous systems. This makes the performance analyses much more complicated but reasonable than existing works.
• We introduce the concept of periodic heterogeneous network superframe where we reveal the fixed pattern of timing relation between LAA and Wi-Fi systems.
The structure of the periodic superframe is vital for performance evaluation.
• We provide an analytical framework for evaluating the throughput of LAA and WiFi coexistence networks with asynchronous channel access. The proposed framework can be applied to other LAA and Wi-Fi coexistence networks with different load-based LBT procedures.
As far as we know this is the first work on performance evaluation of such heterogeneous networks from the perspective of asynchronous channel access.
The rest of this paper is organized as follows. The LBT procedure is briefly reviewed in Section II. In Section III, the analytical models for the LAA equipments and Wi-Fi stations in saturated conditions are introduced in detail. The throughput performances are analyzed in Section IV. Section V presents the simulation results and the whole paper is concluded in Section VI.
II. LBT PROCEDURE
The ETSI EN 301.893 regulation has suggested two types of LBT mechanisms: 1) Frame-based LBT (F-LBT); and 2) load-based LBT (L-LBT) [5] . In F-LBT, a clear channel assessment (CCA) check shall be performed by the equipment during CCA time before starting transmissions on an operating channel. If the channel is sensed to be idle, the equipment is allowed to transmit at the beginning of the following fixed frame period (FFP). Otherwise, if the channel is sensed to be occupied, the equipment shall not transmit on this channel during the next FFP. On the other hand, in L-LBT, an equipment performs CCA to check the channel state as soon as it has data in the outbound buffer. It transmits immediately if the channel is available. Otherwise, the equipment shall perform an Extended CCA (eCCA) check if the operating channel is busy. The eCCA procedure shall last the duration of a random factor N multiplied by the eCCA slot time. N shall be randomly selected from [1, q] where q is a predefined integer ranging from 4 to 32.
Obviously, F-LBT is naturally easier fit since it synchronizes with LTE frame structure. However, it is rather inflexible for coordinating channel access among equipments. If all the equipments are synchronized, collisions will inevitably occur because all the competitors will find the channel available and transmit simultaneously. In case that the equipments are not synchronized, equipments may always have definitive higher priority in accessing the channel than some other nodes if their time boundaries are slightly ahead. On the other hand, L-LBT can offer inherent flexibility and adaptability in term of competing for accessing channels. Moreover, L-LBT is very similar to Wi-Fi CSMA/CA. We therefore focus on the L-LBT mechanism throughout this paper.
3GPP TR 36.889 has recommended a category 4 LBT scheme based on the procedure in Option B in clause 4.8.3.2 of ETSI EN 301.893 [5] with some modifications that ensure fairness with Wi-Fi. In detail, an LAA equipment performs an initial CCA (iCCA) check if it has data to transmit. If the channel is sensed idle for the duration of iCCA which shall be at least 20µs, it transmits immediately. Otherwise, an extended CCA (eCCA) procedure begins. The LAA equipment shall perform a random backoff process after the channel has been idle for the eCCA deferment period. The backoff counter shall be randomly picked from [0, q − 1] where q is the current contention window size and dynamically changes for every new eCCA check. It should be noted that there is no rule on how to change the size of the contention window in 3GPP. However, the binary exponential backoff is the most popular scheme which is also adopted in this paper. The backoff counter shall be decremented by 1 if the channel is deemed to be free for the duration of eCCA which shall be at least 9µs. Otherwise, if the channel is sensed to be busy during a backoff stage, the backoff counter is frozen and the eCCA deferment period is applied again after channel becomes idle. The equipment transmits immediately after the backoff counter reaches zero. After a transmission, the LAA equipment shall back to the eCCA procedure if it still has pending data to be transmitted.
III. ANALYTICAL MODEL A. MODELS FOR CHANNEL ACCESS MECHANISMS
In this section, we introduce the discrete time Markov chains (DTMC) to model the L-LBT and Wi-Fi access mechanism in saturated condition. Note that in saturated condition, an LAA equipment always performs eCCA procedure instead of iCCA check since there are always pending data for transmission. Hence, we mainly consider the eCCA procedure.
The backoff process of one LAA equipment is modeled by two stochastic processes: the backoff stage at time t and the backoff counter at time t, as shown in Fig. 2 . The time of the backoff procedure is measured in slot. The duration of each slot may last one system slot in the condition of idle channel, the average time the channel is sensed busy for a successful transmission, or the average time the channel is sensed busy because of a collision. In this paper, the channel conditions are assumed to be ideal, that is, no hidden/exposed terminal problem. We assume that the maximum contention window size is 2 m l q and the maximum number of retransmission is limited to r. Unless otherwise noted, we use subscripts l and w to denote LAA and Wi-Fi network parameters, respectively.
The one-step transition probabilities can be expressed as
where p f ,l is the probability that a transmission fails due to collision. Let π be the stationary distribution of the Markov chain. From (1), we have:
Considering that
Hence, the probability that an LAA equipment transmits in a randomly chosen slot can be expressed as
We can observe that the eCCA procedure is very similar as the basic IEEE 802.11 DCF mechanism (without RTS/CTS handshake process). Therefore, the probability that a WiFi station transmits in a randomly chosen slot time can be obtained as follows by the same derivation.
and 
B. HETEROGENEOUS SUPERFRAME
We can find that, after a busy slot, the timing relationship between the Wi-Fi system and the LAA system will always be restored to a fixed pattern after a busy slot as shown in Fig. 3 . Inspired by this observation, we define the time period from the beginning of a busy slot to the beginning of the next busy slot as a superframe, as shown in Fig. 4 . Apparently, a superframe is a cyclically repeated block that consists of one busy slot and a various number of consecutive idle slots. Hence, the duration of a superframe is not fixed. It depends on the duration of the busy slot and how many consecutive idle slots are included.
C. EVALUATIONS OF p f
Now we analyze the probability that a collision occurs when the tagged Wi-Fi station is transmitting. It is given by the probability that at least one of other nodes is transmitting at the same time. Since LBT is employed in LAA users and carrier sense is equipped in WiFi stations, the start time of all the transmissions involved in the collision must be exactly the same. However, as mentioned above, in the heterogeneous coexistence network, the start time of slots is not synchronized between the LAA and Wi-Fi systems, as shown in Fig. 1 . As a result, collisions may occur in the following two cases: 1) All the transmitters involved in the collision are in the same network. In this case, nodes belonging to the other network must be idle since the tagged node is transmitting. 2) Transmitters belong to different networks, but the slots start simultaneously. It is fairly difficult to derive the general expression of p f sine the durations of the deferment periods and slot time may vary. In the following, we take the typical case where the eCCA deferment period (T eCCA ) is 20µs, one eCCA slot (σ l ) is 20µs, one Wi-Fi idle slot (σ w ) is 9µs and DIFS is 34 µs. It should be noted that the analysis in the sequel can be also extended to other values of CCA.
First, we calculate the probabilities of at least existing n consecutive idle slots of the LAA system and the Wi-Fi system, denoted as p i,l,n and p i,w,n , respectively. By the timing relationship shown in Fig. 3 , we obtain p i,l,1 = I l I w for the first slot after eCCA deferment in an LAA superframe is an idle slot requires not only no LAA equipment transmits in this slot, but also no Wi-Fi stations transmits in the first slot after DIFS deferment in the corresponding Wi-Fi superframe either. By the same token, p i,w,1 = I l I w I l . Then,
where p i,l,1 stands for the fact that both the first slot of the LAA superframe and the first slot of the corresponding Wi-Fi superframe shall be idle, I l indicates that the tagged time slot must be idle, and I 2 w accounts for the fact that the two more time slots (the 2 nd and 3 rd time slots) in the corresponding Wi-Fi superframe overlapped with the tagged time slot shall be idle. Likewise, we can obtain subsequent p i,l,n and p i,w,n , as shown in Table 1 .
It should be noted that Fig. 3 already includes all the possible timing relations between LAA and Wi-Fi. The timing relation between LAA and Wi-Fi repeats every 9 consecutive LAA idle slots (or 20 consecutive Wi-Fi idle slots). For example, the timing relation among the 11 th consecutive LAA idle slot, the 21 st , 22 nd and 23 rd consecutive Wi-Fi idle slots repeats that of the 2 nd consecutive LAA idle slot and the first 3 consecutive Wi-Fi idle slots. It can be found that after the 7 th LAA idle slot (or the 14 th Wi-Fi idle slot), the following LAA time slot and Wi-Fi time slot start at just the same time. In view of this, p f ,l and p w,l can be expressed as
and
where p sf ,l and p sf ,w are the probabilities of occurring of a superframe in the LAA network and the Wi-Fi network, respectively. p sf ,l and p sf ,w can be calculated as follows.
where E[N i,l ] and E[N i,w ] are the expected number of the consecutive idle slots in LAA system and Wi-Fi system. The analyses for this two expectations will be presented in Section IV-A.
IV. THROUGHPUT EVALUATION
The normalized throughput can be accordingly defined as the ratio of the average period of time for successful transmission and the average length of a superframe T s . The busy slot in a superframe may be one of the following types:
• A successful transmission slot in which an LAA equipment is transmitting, with the duration T s,l ;
• A successful transmission slot in which a Wi-Fi station is transmitting, with the duration T s,w ;
• A collision slot in which all Wi-Fi stations keep silence while more than one LAA equipment is transmitting, with the duration T c,l ;
• A collision slot in which all LAA equipments keep silence while more than one Wi-Fi station is transmitting, with the duration T c,w ;
• An inter-network collision slot in which at least one LAA equipment and at least one Wi-Fi station is transmitting, with the duration T c,h . Hence, we have
where E[V ] denotes the expectation of V .
The normalized throughputs for the LAA system, the WiFi system and the heterogeneous system are E[
The analyses for these expectations are presented as follows.
A. E[T i ]
The expected number of the consecutive idle slots in LAA system and Wi-Fi system can be calculated as
respectively. So we have E[ 
B. E[T c,h ]
An inter-network collision occurs if and only if 1) an LAA slot and Wi-Fi slot start simultaneously; and 2) at least one LAA equipment and at least one Wi-Fi station are transmitting. Based on the example in Fig. 3 , we have
The duration of an inter-network collision slot can be calculated as
where
is the duration for the channel is sensed busy due to the transmission initiated by LAA equipments involved in collisions, min{t data , (13/32) × q × 10 −3 } accounts for the fact that the total time an LAA equipment occupying the channel shall be less than (13/32) × q ms [5] ,
is the duration for the channel is sensed busy due to the transmission initiated by Wi-Fi equipments involved in collisions, and t def is the additional deferment required by IEEE 802.11 DCF or LAA specification. In detail, t def ,w = DIFS for WiFi stations and t def ,l = T eCCA for LAA equipments involved in collisions.
The durations of one successful transmission of an LAA equipment and a Wi-Fi station are t tr,l = min{t data , (13/32) × q × 10
respectively. Now we derive the probability that an LAA equipment or a Wi-Fi station transmits in the n th time slot after the deferment VOLUME 6, 2018 period, denoted as p tr,l,n or p tr,w,n (n = 1, 2, . . .). From Table 1 and Fig. 3 , we have p tr,l,1 = (1 − I l ) and p tr,w,1 = I l (1 − I w ). Then, we can further obtain
Thus, the probability that an LAA equipment or a Wi-Fi station transmits in a superframe can be calculated as An LAA equipment or a Wi-Fi station transmits successfully if and only if there is only one node (an LAA equipment or a Wi-Fi station) transmitting. Therefore, the probability that an LAA equipment or a Wi-Fi station transmits successfully can be expressed as 
V. NUMERICAL RESULTS
In this section, numerical results will be presented. Unless otherwise stated, the following results have been obtained with the parameters summarized in Table 2 [9] . To validate the super-frame based analytical framework, we compare the analytical results with simulation results, as shown in Fig. 5, Fig. 6 and Fig. 7. Fig. 5 shows the normalized throughputs of LAA network, Wi-Fi network and the total under various T eCCA and σ l , respectively. The results of traditional synchronous analytical framework are also depicted in Fig. 5 . Fig. 6 shows p i,w,n and p i,l,n , n = 1, 2, 3 where T eCCA = 20µs, σ l = 20µs. Fig. 7 shows the average durations of consecutive idle slots per superframe in the case of T eCCA = 20µs, σ l = 20µs. for a given N w , the throughput of Wi-Fi network decreases as N l increases, whereas the throughput of LAA network improves. It also shows that the throughput of Wi-Fi network increases with a higher N w . While on the contrary, that of the LAA network decreases. Moreover, it is interesting to observe that the overall throughput remains almost unchanged with different numbers of Wi-Fi stations.
For comparison, Fig. 9 depicts the impact of N w on throughput. The figure indicates that for a given N l , the throughput of Wi-Fi network shows an increasing trend and the throughput of LAA network shows a downward trend. It also reports that for a given N l , the effect of N w on the overall throughput is very limited, which corroborates with the results in Fig. 8 .
VI. CONCLUSION
In this paper, we have provided an analytical framework for evaluating the throughput of LAA and WiFi coexistence networks with asynchronous channel access. The proposed analytical framework distinguishes itself from the existing works in terms of evaluating throughput performance of such heterogeneous networks from the perspective of asynchronous channel access. We have presented two twodimensional Markov chains to model the CSMA/CA based binary exponential backoff behavior of the coexistence network. More importantly, we have put forward the concept of the heterogeneous network superframe to clarify the timing relationship between LAA network and Wi-Fi network coexisted in the heterogeneous system. Based on the Markov chain models and the superframe structure, we have evaluated the saturation throughput performance of the LAA network and the Wi-Fi network. The accuracy of our theoretical analysis has been validated by simulation results. We have also investigated the effects of the number of LAA equipments and Wi-Fi stations upon the system throughput. Simulation results show that the number and the maximum contention window size of LAA equipments, especially in the latter, have a considerable effect upon the system throughput, whereas the effect of the number of Wi-Fi stations is very limited.
